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The globular domain of histone H1 is sufficient to direct specific
gene repression in early Xenopus embryos
Danielle Vermaak*, Oliver C. Steinbach†, Stephan Dimitrov*, Ralph A.W. Rupp†
and Alan P. Wolffe*
One molecule of a linker histone such as histone H1 is
incorporated into every metazoan nucleosome [1].
Histone H1 has three distinct structural domains: the
positively charged amino-terminal and carboxy-terminal
tails are separated by a globular domain that is similar
to the winged-helix motif found in sequence-specific
DNA-binding proteins [2]. The globular domain interacts
with DNA immediately contiguous to that wrapped
around the core histones [3,4], whereas the tail
domains are important for the compaction of
nucleosomal arrays [5]. Experiments in vivo indicate
that histone H1 does not function as a global
transcriptional repressor, but instead has more specific
regulatory roles [6–9]. In Xenopus, maternal stores of
the B4 linker histone that are assembled into chromatin
during the early cleavage divisions are replaced by
somatic histone H1 during gastrulation [10]. This
transition in chromatin composition causes the
repression of genes encoding oocyte-type 5S rRNAs,
and restricts the competence of ectodermal cells to
differentiate into mesoderm [6,9–11]. Here, we
demonstrate that the globular domain of histone H1 is
sufficient for directing gene-specific transcriptional
repression and for restricting the mesodermal
competence of embryonic ectoderm. We discuss our
results in the context of specific structural roles for this
domain in the nucleosome.
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Results and discussion
To evaluate which domains of histone H1 might substitute
for the full-length protein in specific transcriptional regula-
tion in vivo, we first examined which of the truncated
histone H1 proteins are stable in vivo and taken up into the
nucleus. Microinjection of mRNA synthesized in vitro that
encodes the different domains (Figure 1a) led to the synthe-
sis of the different truncated proteins over a 24 hour period
with no detectable degradation (Figure 1b, arrowheads).
Calf thymus histone H1 is known to be transported into
the nuclei of epithelial cells by a facilitated pathway that
is needed to overcome cytoplasmic retention by a titrat-
able histone-H1-binding protein [12]. In Xenopus, full-
length calf thymus histone H1, as well as a proteolytic
fragment comprising the carboxy-terminal domain alone,
have been shown to accumulate in oocyte nuclei, leading
to the suggestion that a nuclear-localization sequence
might be located in the carboxy-terminal tail [13]. In
these earlier experiments, however, it was not possible to
examine the fate of the globular domain because of rapid
degradation. We found that all of the truncated histone
H1 proteins synthesized in oocytes accumulate in the
oocyte nucleus (Figure 1c).
Next, we examined the expression of the various dele-
tion mutants upon microinjection of the respective
mRNAs into fertilized eggs (see Supplementary mater-
ial). All of the truncated proteins containing the globular
domain were present at roughly equal molar ratios in late
blastula embryos. We did not detect stable synthesis in
embryos of a truncated protein containing only the
carboxy-terminal domain (data not shown). Fractionation
of micrococcal-nuclease-digested embryonic chromatin
on sucrose gradients [14] revealed that the globular
domain, with or without the flanking amino-terminal
sequences, was incorporated into mononucleosomes
(Figure 2a, arrowheads). We conclude that truncated
histone H1 proteins containing the globular domain and
either amino-terminal or carboxy-terminal flanking
sequences, or the globular domain alone, can be stably
incorporated into chromatin.
We then proceeded to investigate the effect of the differ-
ent linker histone domains on transcription of genes
encoding 5S rRNAs. Accumulation of oocyte 5S rRNA
was highly upregulated by the elevation of levels of the
limiting transcription factor TFIIIA in late blastula
embryos following injection of TFIIIA mRNA ([6];
Figure 2b, compare lane 1 with lane 2). Co-injection with
mRNA encoding the full-length histone H1C specifically
repressed transcription from the genes encoding oocyte 5S
rRNAs under these conditions ([6]; Figure 2b, lane 3). All
of the different truncated histone H1 proteins including
the globular domain alone were able to repress 5S rDNA
transcription strongly and specifically, without significant
effects on tRNA, U1 or U2 transcript levels (Figure 2b).
This result prompted us to examine whether the same
domains of somatic histone H1 could also restrict the com-
petence of ectodermal cells to differentiate into mesoderm
in response to the growth factor activin [11].
Loss of mesodermal competence in Xenopus animal cap
explants can be detected at specific times after fertiliza-
tion by the disappearance of staining for myosin heavy
chain, which serves as a mesoderm-specific marker, upon
induction by activin [11]. The duration of competence can
be shortened by precocious expression of somatic histone
H1 [11]. Ablation of endogenous stores of maternal
histone H1 mRNA with a targeted ribozyme, which delays
the accumulation of histone H1 protein ([6,9]; see Supple-
mentary material), also led to a delay in the onset of loss of
mesodermal competence, which could be rescued by co-
expression of histone H1. These changes in competence
upon manipulation of the level of endogenous somatic
linker histone are accompanied by changes in the tran-
script levels of several mesodermal genes [11]. Activin
induction of myoD expression was decreased at earlier
times than normal when histone H1 was precociously
expressed, but was sustained for longer periods of time
upon ablation of histone H1 (Figure 3). We used the
animal cap assay for loss of mesodermal competence to
test whether the globular domain could substitute for full-
length histone H1 in rendering animal caps refractory to
activin at earlier developmental stages than normal. Com-
petence to induce myosin heavy chain gene expression
was lost at stage 11 in the uninjected embryos (Figure 3).
In the embryos injected with mRNA encoding full-length
histone H1C, or just the globular domain, competence was
lost by stage 10.25. These results were confirmed by
quantitating the relative induction of myoD mRNA in
animal caps derived from embryos expressing the differ-
ent truncated histone H1 proteins (Figure 4a). Any protein
containing the globular domain restricted myoD expression
as did the full-length histone H1. In other controls in
which the oocyte-specific linker histone variant B4 was
overexpressed, myoD expression was not affected [11]. In
an experiment in which histone H1A was ablated by
ribozyme expression, leading to much increased induction
of myoD at stage 11, expression of the globular domain, as
well as full-length histone H1C, was able to antagonize
the effects of histone H1A ablation and restore the sup-
pression of myoD expression (Figure 4b).
These data support a highly specific role for linker
histone H1 and transitions in chromatin composition in
the control of differential gene regulation during develop-
ment. The accumulation of somatic histone H1 in the
developing Xenopus embryo has a dramatic effect on the
transcription of a subset of genes, some of which play
important roles in determinative events. We have shown
that the globular domain of histone H1 is sufficient to
specifically repress both transcription of genes encoding
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Figure 1
(a) Schematic representation of the truncated histone H1C proteins.
The full-length histone H1C sequence (221 amino acids; Genbank
accession number X72929) is represented by a horizontal line, with
vertical lines indicating the positions of lysine or arginine residues. The
truncated histone H1C proteins represented below are designated as
N (amino acids 1–44), G (amino acids 33–123), C (amino acids
118–221), NG (amino acids1–123) and GC (amino acids 33–221)
where N is the amino-terminal domain, G the globular domain and C
the carboxy-terminal domain. (b) Synthesis of full-length and truncated
histone H1C proteins in oocytes. Oocyte cytoplasm was microinjected
with water (control), or 2 ng mRNA encoding full-length histone H1C
(NGC) or the truncated proteins. [3H]lysine and [3H]arginine were co-
injected as required [6]. (c) The full-length histone H1C and the
truncated proteins are taken up into the oocyte nucleus. Oocytes were
microinjected with mRNA or water (control) as described in (b).
Proteins were acid-extracted from the whole oocyte (T), or oocyte
cytoplasm (C) or nucleus (N).
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oocyte 5S rRNAs and myoD induction. In the absence of
the amino-terminal and carboxy-terminal domains, it is
unlikely that this repression relies upon chromatin
compaction or higher-order chromatin structures [5]. As
the globular domain is primarily responsible for associa-
tion of the linker histone with the nucleosome core [3,4],
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Figure 2
(a) Assembly of globular-domain-containing
truncated histone H1C proteins into
embryonic chromatin. To test for association
of domains of histone H1C with
mononucleosomes, embryos were injected
with water (control) or mRNA encoding the
indicated truncated proteins, tritiated amino
acids and trace [α-32P]dATP to follow labeled
DNA. Embryos were digested with
micrococcal nuclease, and mononucleosomal
fractions collected after sucrose gradient
centrifugation as described [14]. Proteins
were acid-extracted from these fractions and
subjected to SDS–PAGE [12]. Visualization
was through incorporation of [3H]lysine and
[3H]arginine. (b) Repression of 5S rRNA
genes by somatic histone H1. Embryos were
microinjected with water (lane 1), or TFIIIA
mRNA alone (lane 2) or together with full-
length somatic histone H1C mRNA (NGC,
lane 3) or mRNA encoding truncated histone
H1C proteins (lanes 4–6). Total RNA in late
blastula embryos was visualized by co-
injection of [32P]rGTP. Labeled RNA was
purified and electrophoresed on denaturing
gels as described [6]. The positions of U1,
U2, 5S and tRNA transcripts are indicated.
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Figure 3
Loss of muscle-forming competence. Animal
cap explants derived from (a–c) uninjected
embryos, or from embryos injected with 2 ng
mRNA encoding (d–f) full-length histone H1C
or (g–i) the globular domain of histone H1C.
The explants were exposed to activin at (a,d,g)
Nieuwkoop–Faber stage 10, (b,e,h) stage
10.25 and (c,f,i) stage 11, cultured until stage
34, and immunostained for myosin heavy
chain protein (see [11]).
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it is probable that the mechanism whereby histone H1
reduces the inducibility of the myoD gene as development
proceeds is through stabilization of nucleosome cores,
either over the myoD locus itself, or over the locus of an
upstream regulator. For the genes encoding oocyte
5S rRNAs, histone H1 directs the positioning of
histone–DNA contacts such that key transcriptional regu-
latory elements are occluded [15,16]. Proteins that are iso-
morphous with the globular domain of histone H1, such as
hepatocyte nuclear factor 3 [2], can direct the positioning
of nucleosomes [17]. Thus the similarity between the
association of the globular domain of histone H1 with 5S
rDNA in the nucleosome [18,19] and sequence-selective
DNA-binding domains provides a potential explanation
for the assembly of specific repressive nucleoprotein com-
plexes. Future experiments will explore these possibili-
ties using the myoD locus.
Supplementary material
Additional figures showing nuclear uptake of histone H1C, synthesis of
histone H1C proteins in embryos, and localization of linker histone in
embryos, are available with this paper on the internet.
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Figure 4
(a) Transcriptional repression of myoD by the globular domain of
histone H1C. Animal cap explants were uninjected (control), or
injected with 2 ng mRNA encoding full-length histone H1C (NGC) or
the indicated truncated proteins, and tested for precocious loss of
myoD induction by activin, which was applied at stage 10.5. 
(b) Rescue of myoD induction by injection of histone H1A ribozyme.
mRNA was injected as in (a), but activin application was at stage 11.
Injection of histone H1A ribozyme resulted in prolonged induction of
myoD, which could be blocked by co-injection of mRNA encoding full-
length histone H1C or the globular domain. In both (a) and (b), the
bars represent increases in steady-state myoD mRNA levels of
induced relative to uninduced explants, after normalization with histone
H4 mRNA levels (n ≥ 3 for each data set; error bars indicate SD).
Relative mRNA levels were quantitated by RT–PCR (see [11]). 
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S1
Competition experiments in which the globular domain
was overexpressed simultaneously with intact histone H1
protein showed that the presence of the globular domain
did not influence the uptake of histone H1 into the
nucleus in oocytes (Figure S1) or in embryos (data not
shown). All of the truncated proteins containing the globu-
lar domain were present in roughly equal molar ratios in
late blastula embryos (Figure S2). To independently test
for the accumulation of truncated histone H1 proteins in
mitotic chromatin following expression of their respective
mRNAs, we immunostained Xenopus embryos with anti-
bodies against histone H1 (Figure S3).
Supplementary material
Figure S1
Nuclear uptake of histone H1C is not affected by the globular domain.
Oocytes were microinjected with mRNA encoding full-length histone
H1C alone (NGC) or together with mRNA encoding the globular
domain (NGC + G). Control indicates that no injection took place. 
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Figure S2
Synthesis of histone H1C proteins in embryos. Fertilized eggs were
microinjected with water (control) or mRNA encoding full-length
histone H1C (NGC) or the indicated truncated proteins. Embryos were
collected 9 h after injection, and acid-extracted proteins were
visualized by co-injected [3H]lysine and [3H]arginine, followed by
SDS–PAGE. 
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Localization of linker histones in embryos (a–l) Immunostaining for
somatic histone H1 protein at (a,c,e,g,i,k) stage 9 (blastula stage) or
(b,d,f,h,j,l) stage 10.25 (early gastrula stage) [14] using (a,b) control
embryos or embryos that had been injected with (c,d) 10 ng histone
H1A ribozyme or 2 ng mRNA encoding (e,f) full-length histone H1C or
the truncated proteins (g,h) NG, (i,j) G and (k,l) GC. The truncated
proteins NG, G and GC were detected precociously at stage 9;
arrows indicate association of linker histone proteins with mitotic
chromatin. Control and histone-H1-injected embryos were
indistinguishable on the basis of cell size, indicating indirectly that cell
proliferation was not significantly affected. (m) Quantitation of histone
H1 variants present in embryos in the absence or presence of the
histone H1A ribozyme as indicated. Values are obtained by
immunoblotting of nuclear proteins using histone H2B as an internal
standard. X-ray films were scanned and quantified using Molecular
Dynamics software.
